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Photoluminescence and first principles calculations were used to investigate the electronic struc-
ture and stability of the W and X-lines in Si and SiGe alloys with low Ge content. The two optical
centers were produced by irradiation with protons of 875 keV, in a fluency of 1016 H+ cm−2, of
Si1−xGex layers with x = 0, 0.69 and 1.25 at%. The influence of the Ge content is clearly different
for both optical centers. The intensity of the W-line in photoluminescence was maximized for the
annealing at 300◦C for the three Ge fractions whereas a dependence on the Ge content was found for
the X-line: 400◦C for the Si layer and 450◦C for the SiGe layers with x = 0.69 and 1.25 at%. For the
W-line, with the increase of the Ge fraction, an absence of shift of the peak position was observed
as well as a full width at half maximum broadening ratio of d(FWHM)/dx = 229 ± 48meV. For
the X-line, a shift to higher energies was measured and a full width at half maximum broadening
ratio of d(FWHM)/dx = 543±134meV. Density functional calculations were performed in order to
study the influence of the Ge content on electronic levels of the I3 and I4 centers proposed previously
for the W and X-lines, respectively. A donor level close to the valence band was identified for both
defects. In both cases, the donor level become more close to the valence band as the Ge fraction
increases but the rate is much higher for the I4 as compared to the I3 defect. The thermal quenching
of the intensity measured in photoluminescence for the W-line was interpreted as the release of the
electron to a higher energy discrete level or to the conduction band. For the X-line, just the escape
of the electron to the conduction band was identified. The activation energies in both centers were
measured.
PACS numbers: 61.72.jj, 61.82.Fk, 71.15.-m, 71.55.-i, 71.55.-m
I. INTRODUCTION
The continued downscaling in silicon device fabrica-
tion requires the formation of ever shallower and more
abrupt junctions with higher doping levels. Ion implan-
tation and annealing are key steps for the introduction
of dopants in silicon. Upon annealing, Si self-interstitials
(I) resulting from implantation damage are prone to clus-
ter as point-like defects or even extended defects, such as
planar and rod-like {311} defects, and Frank dislocation
loops.1–3 Small interstitial clusters are observed before
the nucleation of the rod-like {311} defects and dislo-
cation loops.4–8 Both interstitial clusters and extended
defects can release Si self-interstitials, which are highly
mobile even at room temperature9,10 and are responsible
for transient enhanced diffusion (TED) and deactivation
of implanted dopants during the annealing.2,11–16
SiGe alloys provides one approach to the tailoring of
physical parameters of silicon such as the electronic gap,
effective mass and charge carrier mobility, simultaneously
being compatible with the conventional Si technology.17
SiGe alloys are particularly well-suited for operation in
the cryogenic temperature and radiation-rich conditions
typically found in space exploration.18 In this kind of
environment, radiation defects play a crucial role in the
device performance. Another advantage of SiGe is the
retardation of TED of boron which favors the downscal-
ing of devices.19,20 Additionally, it was observed a strong
influence of the Ge fraction on the evolution of interstitial
related defects.3 For SiGe alloys with Ge content 0 5%
the formation and dissolution of rod-like {311} defects
was observed whereas only dislocation loops are formed
if the Ge content is ≥ 25%. Understanding the defects
created in the matrix and their evolution during the sub-
sequent annealing is crucial for the application of these
diluted alloys in harsh environments.
Several self-interstitial related point defects in ion-
implanted silicon have been detected by photolumines-
cence (PL). Depending both on the implantation param-
eters and the annealing temperature, several sharp and
broad lines were observed.4–8 These lines are related to
clusters involving a different number of Si interstitials
ranging from a small number to chains of I clusters and
rod-like {311} extended defects. The W center, with
a zero phonon line (ZPL) at 1018.2meV, is created by
particle irradiation or ion implantation of Si. Its inten-
sity is maximized after an annealing at ∼ 300◦C, and
at ∼ 500◦C is no longer observed.21 As the intensity of
the W-center diminishes another one, the X-center with
a ZPL at 1039.8meV, increases in intensity reaching the
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FIG. 1. Tetra-interstitial (a) and tri-interstitial (b) models
for the X- and W- centers, respectively.
maximum for an annealing at ∼ 450◦C.22–24 Both the
W and X centers are of intrinsic nature.25–27 Coomer et
al25,28 proposed that they originate respectively from a
trigonal form of the tri-interstitial (I3) and tetragonal
tetra-interstitial (I4) clusters.
The evidence in support of the tetra-interstitial model
for the X-center [Fig. 1-a)] is quite strong. Initial stress-
splitting studies suggested D2d or Td symmetry.
29 This is
the same symmetry as that of the B3 EPR-center, which
has been unambiguously related to I+4 .
30–32 Under illumi-
nation with light of energy around 1.03 eV, another EPR
center, NL51, with S = 1 has been detected,33 suggesting
the interpretation of the X-line as arising from the recom-
bination of an exciton bound to a deep donor. Moreover,
three phonon replicas of the X-line have been detected
both in natSi and 30Si, showing that the defect has local
vibrational modes above the Raman edge, characteristic
of an interstitial defect.27 These were very close to the
highest vibrational frequencies of the I4 defect, obtained
from first-principles calculations.34
Regarding the I3 model of the W-line, the situation is
not so clear. The large stress parameters together with
the moderate Huang-Rhys factor for the band imply a
soft lattice in the locality of the center.26 However, a
phonon replica of the zero phonon line shows that the
defect has a localized phonon mode at 70.0 meV and
above the Raman frequency, characteristic of compressed
bonds.27 These points are consistent with Coomer’s tri-
interstitial model, consisting of a {111}-oriented three-
member ring of Si interstitials, centered near the tetrahe-
dral interstitial site [Fig. 1-b)].25,34 However, this struc-
ture is now believed to be only metastable.34,35 The most
stable I3 structure, 1.7 eV lower in energy, has C2 sym-
metry and is electrically inert. Nevertheless, it is possible
that other I3 forms present in the material are not de-
tected due to their lack of electrical or optical activity.
In spite of the intense research effort aimed at unravel-
ing the structural properties and formation mechanisms
of self-interstitial aggregates in silicon, the differences ob-
served in SiGe alloys are still not well understood. In this
work, we compare the optical properties and stability of
the W- and X-lines in Si and SiGe alloys with low Ge
content. In Sections II and III, the PL from a set of
three samples in which a layer of Si1−xGex, grown by
molecular beam epitaxy (MBE) on a Si substrate, for
x = 0, 0.69 and1.25 at% is described. In Sections IV
and V, first-principles models of the I3 and I4 defects in
SiGe alloys are used to find the shift of the donor level
of these defects relative to Si. Experimental and theoret-
ical results are discussed, highlighting the strengths and
limitations of the models.
II. EXPERIMENTAL DETAILS
A Ge-free MBE Si layer (S layer) and two Ge-doped
MBE Si layers (Si0.9931Ge0.0069 and Si0.9875Ge0.0125 , de-
noted SG1 and SG2 layers, respectively) with a thick-
ness of 3µm were grown at 800◦C on (001) Si sub-
strates. The Ge content was determined by Ruther-
ford back-scattering spectroscopy (RBS) using 1.5MeV
He+ ions. Layers SG1 and SG2 were intentionally doped
with Sb to be n-type. The concentration of conduction
electrons measured by the capacitance-voltage technique
amounted to 9×1015 cm−3 and 3×1015 cm−3 for SG1 and
SG2 layers, respectively. These values should roughly
correspond to the concentration of Sb donor atoms in
the layers, given that the contamination resulting from
unwanted compensating acceptor atoms in our MBE sys-
tem should be lower than 1014 cm−3. Although the S
layer was not intentionally doped during growth, an n-
type doping of about 3 × 1014 cm−3 resulted from the
contamination of the growth chamber with Sb.
All samples were irradiated through a 10µm thick Al
foil with 875 keV protons (1016H+ cm−2). The energy of
the protons and the thickness of the Al foil were chosen
based on a SRIM calculation36 in order to place a broad
profile of the damage (vacancies/interstitials) in the 3µm
thick SG layers. Using SRIM calculations, we estimate
that the concentration maxima of 2 × 1021 cm−3 and
1.25 × 1020 cm−3 for the vacancies/interstitials and hy-
drogen atoms profiles, respectively, are located at 2.2µm
below the surface of the SG layers and have a full-width-
at-half-maximum (FWHM) of about ∼ 1µm. It is note-
worthy that the SRIM calculations are performed for
0K, and at room temperature most of the vacancies
and interstitials formed by the irradiation recombine. In
moderately doped silicon, only about 1% of the vacan-
cies/interstitials formed upon the irradiation should re-
main in the sample at room temperature.37 Therefore,
we estimate a maximum of the concentration profile of
vacancies/interstitials after the irradiation at room tem-
perature of about 2 × 1019 cm−3, which is considerably
lower than the maximum of the concentration profile of
hydrogen atoms (1.25 × 1020 cm−3). It should be men-
tioned that the maxima of the concentrations of vancan-
cies/interstitials and of hydrogen atoms produced by the
irradiations are several orders of magnitude higher than
the concentration of Sb donors.
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FIG. 2. PL spectra taken at 5K for the Si, Si0.9931Ge0.0069
and Si0.9875Ge0.0125 layers as irradiated and, after the anneal-
ing at 300◦C and after the annealing at 450◦C. Both W and
X-lines are identified in the spectra.
After irradiation the samples were annealed for 15min
in a N2 atmosphere at temperatures between 100 and
650◦C.
The PL measurements were made using a Bruker IFS
66v FTIR spectrometer equipped with a Ge diode de-
tector. The samples were inserted in a helium gas flow
cryostat which allowed the change of the temperature
in the range 4 − 300K. The excitation source was the
488 nm line of an Ar+ ion laser at a laser power of 13 or
33mW measured in front of the cryostat window.
III. PL RESULTS
After the irradiation with 875 keV protons, the W-line
at 1.0178 ± 0.0001 eV is observed in PL with a relative
intensity that depends on the Ge content. The PL spec-
tra for the as-irradiated S and SG layers are shown at
the top of Fig. 2.
The annealing of the PL lines for S and SG layers was
investigated in the temperature range 250 − 600◦C (see
Fig. 3). The temperature dependence observed for the
W-line is independent of the Ge content: the PL intensity
reaches a maximum for 300◦C, decreases for higher values
and almost disappears for 450◦C (see Fig. 2). With the
increase of the Ge content, no shift of the peak position of
the W-line is observed and the FWHM broadening rate
is d(FWHM)/dx = 229± 48meV. This value is close to
the value of 191meV, obtained by Tan et al38.
The X-line starts to emerge for the annealing at 300◦C
at the expense of the W-line intensity, in accordance to
previous studies.22,23 The X-center clearly shows a dif-
ferent experimental behavior when compared to the W-
center, with respect to its evolution with the Ge content.
The annealing temperatures that maximizes the PL in-
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FIG. 3. Dependence on the annealing temperature of the X
and W-lines intensities, taken at 5K and for a laser power
of 33mW, for the proton irradiated Si, Si0.9931Ge0.0069 and
Si0.9875Ge0.0125 layers. The intensities were normalized to the
maximum value.
tensity are: 400◦C for the S layer and 450◦C for the SG
layers. This result shows that the X-center will need more
energy to stabilize in the alloy than in Si. This is compat-
ible with the results of Crosby et al3 in which the increase
of the Ge content favors the formation of dislocation
loops compared to the formation of {311} defects. With
the increase of the Ge content, the X-line shifts to higher
energy: 0.7±0.2meV and 2.2±0.4meV for SG1 and SG2
layers, respectively. At last, the broadening of the X-line
occurs at a rate d(FWHM)/dx = 543± 134meV, clearly
higher than the observed for the W-line (see Fig. 2).
The difference in the influence of the Ge content on the
positions of W and X-lines could be related to a higher
localization of the wavefunctions of electron and hole on
the center for the W-line as compared to the X-line.21,39
In this way, the neighborhood of the center will be more
important for the X-line than for the W-line which can
justify the observed shift of the peak of intensity for just
the X-line with the increase of the Ge content in the al-
loy and the higher value for the broadening rate of the
FWHM for the X-center comparatively to the W-line.
These experimental results support the previous attribu-
tion of the X-center to a cluster involving a larger number
of self-interstitials than in the W-center.28
To study the influence of the Ge content on the non-
radiative de-excitation mechanisms of the W and X-lines,
we have chosen the annealing temperature that maximize
the intensity of each center. For the study of the W-
line, the three samples were annealed at 300◦C, whereas
for the study of the X-line, the S layer was annealed at
400◦C and the SG layers at 450◦C. The Arrhenius plots
for the temperature dependence of the PL intensity of W-
line are shown in Fig. 4. As the temperature increases,
we observe a very small decrease of the PL intensity for
T . 30K and a strong quenching for higher values. For
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FIG. 4. Integral PL intensity dependence of the W-line in Si,
Si0.9931Ge0.0069 and Si0.9875Ge0.0125 layers annealed at 300
◦C.
The data points were fitted with Eq. 1 and the fitting param-
eters given in Table I.
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FIG. 5. Integral PL intensity dependence of the X-line in Si
annealed at 400◦C and in Si0.9931Ge0.0069 and Si0.9875Ge0.0125
layers annealed at 450◦C, together with the respective fittings
using Eq. 1 and the fitting parameters given in Table I.
the X-line, the broadening due to the increase of the Ge
content (see Fig. 2) hindered this type of study for the
SG2 layer. Hence, in Fig. 5 only the Arrhenius plots for
the S and SG1 layers are shown. As the temperature is
raised, it is observed an increase of the PL intensity for
T . 30K and a strong decrease for higher values of T .
Under continuous excitation at low temperature, a
thermodynamic equilibrium is established between free
excitons in the excitonic band and excitons bounded to
the defect. As the temperature of the sample is increased,
this equilibrium is disturbed. The thermal decay of an
exciton bounded to the center can occur through two dif-
ferent modes. In the first one, the exciton is released from
the defect as a pseudo-particle to the excitonic band. The
energy involved in the process is the localization energy
of the exciton in the defect and corresponds to the dif-
ference between the excitonic band gap and the energy
of the photon (hν) measured in the optical transition. In
the second mode, just the carrier less bound to the de-
fect is released. This carrier can go to one or more high
energy discrete levels or directly to a band (conduction
or valence band). The involved energy is the energy dif-
ference between the final and initial levels of the carrier
in the transition. The energetic balance extracted from
the temperature dependence of the PL intensity will con-
tribute to the distinction between the two modes. As
we will discuss ahead, the measured activation energies
are not consistent with the first mode for both centers.
Additionally, the first-principles modelling suggest the
involvement for both centers of a deep donor which rein-
force the above choice. In this way, we will proceed with
the discussion in more detail of just the second mode,
considering a system composed of a crystal with a donor
and two charge carriers - electron, hole. Because our
modeling results suggest that the defect is a donor, the
less bound carrier is the electron.
A diagram with different energy levels of the system is
presented in Fig. 6. In the ground state (|D0〉), the sys-
tem has the donor in a neutral state and no electrons or
holes exist in the conduction and valence bands, respec-
tively. The external excitation will promote the transi-
tion of electrons from the valence band to the conduc-
tion band (|e− + h+〉). These carriers can interact to
form a free exciton in the excitonic band (|fx〉). Exci-
tons bounded to the donor will exist in the radiative state
(|D0 + bx〉).
The release of the electron can occur to one or more
high energy discrete levels or, alternatively, can occur to
the conduction band. In this scope, a different number of
high energy discrete levels and the involvement or not of
the conduction band were considered in the discussion of
the thermal quenching of the bound excitons for both W
and X-centers. In the case of the W-line (Fig. 4), the best
fit was obtained for a model that considers two channels
for the escape of the electron: 1) to a high energy discrete
level (|D+ + e−∗〉) at an energy of E1 from the radiative
state of the donor; 2) to the conduction band (|D++e−〉)
at an energy of E2 (E2 > E1) from the radiative state.
For the X-line (Fig. 5), the experimental data show an
increase of the PL intensity in the temperature range of
T . 30K. This behavior can be explained by the lib-
eration of excitons or charge carriers bound to shallow
traps through an energy of Enr (see Fig. 6). As a conse-
quence, the population of free excitons on the excitonic
band will increase as well as the capture of some of them
by the donor and the subsequent PL intensity. In this
way, as we increase the temperature, two simultaneous
processes occur: the thermal dissociation of the excitons
bound to the donor and a feedback mechanism created
by shallow traps. The best fit to the experimental data
was obtained considering just one channel for the escape
5of the electron: the carrier moves from the radiative state
(|D0+ bx〉) of the donor to the conduction band. To this
transition corresponds the activation energy E2 in the
diagram of Fig. 6.
The general equation that describes the temperature
dependance of the PL intensity is given by:21
I(T ) =
I0[
1 + c1 exp
(
−E1
kT
)
+ c2 T
3
2 exp
(
−E2
kT
)] [
1 + g
1+b T
3
2 exp(−EnrkT )
] , (1)
where I(T ) is the PL intensity at temperature T and k
is the Boltzmann constant. I0 is a parameter related to
the intensity at 0K, I(0) = I0/(1 + g). The expression
in the first square brackets reflects the thermal equilib-
rium between the ground state and the first and second
excited states of the system. Two de-excitation channels
are represented inside these squared brackets: the escape
of the electron to a higher energy discrete level by the
second term and the escape of the electron to the con-
duction band by the third term. c1 is proportional to the
ratio between the degeneracy of the higher energy dis-
crete level and the radiative state of the center whereas
c2 T
3
2 includes the effective density of sates of the band,
assuming that the probability of capturing an exciton at
the donor is independent of temperature. The second
square brackets describes the thermal supply of excitons
from external shallow traps and g includes the tempera-
ture independent ratio of the trapping cross sections for
excitons at the radiative defects and the competing shal-
low traps.
In Table I we show the parameters that characterize
the best fits of Eq. 1 to the experimental data in Fig. 4
and Fig. 5. We must stress again that, for both cen-
ters, several models involving a different number of high
energy discrete levels, and including or not transitions
to the conduction band were considered, and the shown
parameters are just for the best fit in each center. For
the W-line, the channel involving the high energy dis-
crete level is responsible for the small diminishing of the
intensity in the range T ≤ 30K and activation energies
of 28 ± 2, 11.7 ± 0.8 and 9 ± 1meV were obtained for
the S, SG1 and SG2 layers, respectively. For higher tem-
peratures, the dominant de-excitation channel is the one
involving the band which is responsible for the strong
quenching of the PL. The fitted activation energies were
65 ± 6, 43 ± 3 and 40 ± 6meV for the S, SG1 and SG2
layers, respectively. For both channels we observe that
the increase of the Ge content results in the diminishing
of the activation energies. This fact could be explained
by an increase of the screening in the alloy comparing to
the bulk Si which will become the levels more superfi-
cial. Facing the values obtained for the activation ener-
gies of both non-radiative channels, we can now justify
the choice for the second mode of the thermal decay of
the bound exciton. If the exciton is released as a whole,
the activation energy for the strong quenching regime
should be near to the value Eexg − hν ≃ 138meV. The
obtained energies are clearly lower than this value which
means that just the less bound carrier is released from
the defect. For this center no increase of the intensity
was observed with the increase of the temperature.
For the X-line, the raising of the temperature in the
range T ≤ 30K showed an increase of the PL intensity
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FIG. 6. Energy levels diagram illustrating the total energy of
the system (crystal with a donor and two charge carriers —
electron, hole). In the ground state (|D0〉) of the system the
donor is neutral and no electrons and holes exist in the con-
duction and valence bands, respectively. The energy E(0/+)
is the ionization energy of the donor. The radiative state of
the defect (|D0 + bx〉) corresponds to an exciton bound to
a neutral donor. The excited state |D+ + e−
∗
〉 is separated
from the radiative state by E1 and has the electron in a high
energy discrete level and the hole bound to the donor. The
state |D+ + e−〉 is separated from the radiative state by E2
and the electron is in conduction band and the hole bound
to the donor. In state |e− + h+〉 a free electron is in the
conduction band and a free hole is in the valence band. The
state |fx〉 corresponds to a free exciton. The state |nr〉 de-
scribes the presence of shallow traps that can supply excitons
or charge carriers to the respective bands with the increase
of the temperature. The dashed arrow corresponds to the re-
lease of an exciton as a whole from the donor to the excitonic
band (|fx〉).
6TABLE I. Fitting parameters of Eq. 1 to the data points obtained from the temperature dependence of the PL intensity for
the W and X-lines measured for the Si, Si0.9931Ge0.0069 and Si0.9875Ge0.0125 layers.
W-line I0 × 10
−5 c1 E1(meV) c2 E2(meV) g b Enr(meV)
Si 663 ± 1 800± 354 28± 2 49806 ± 54215 65± 6 0 0 0
Si0.9931Ge0.0069 744 ± 3 18± 5 11.7 ± 0.8 1348 ± 815 43± 3 0 0 0
Si0.9875Ge0.0125 519 ± 4 13± 5 9± 1 943 ± 1316 40± 6 0 0 0
X-line
Si 18± 54 0 0 19± 14 14± 1 1777 ± 5268 514± 480 11± 1
Si0.9931Ge0.0069 1.2± 2.1 0 0 3.9± 0.9 12.5± 0.8 380± 674 236± 95 8.4± 0.7
parameterized by an activation energies Enr of 11 ± 1
and 8.4±0.7meV for the S and SG1 layers. Such behav-
ior was not observed for the W-line and this difference
could be related to the type of defects, other than the
W and X-defects, that are activated by the annealing
at different temperatures. We must recall that the PL
intensity of the W and X-centers is maximized at differ-
ent temperatures: 300 and 400/450◦C, respectively. For
higher temperatures (T > 30K), in the strong quenching
regime of the PL, the activation energies of 14 ± 1 and
12.5 ± 0.8meV for the S and SG1 layers, respectively,
were obtained. The latter values support the interpreta-
tion that the thermal decay of the bound exciton is due to
the escape of the less bound carrier. Again, it is observed
through the small reduction of the activation energy, the
same effect that with the increase of the Ge content in
the alloy the electronic levels move in the direction of the
bands. Finally, the activation energies are lower than the
ones obtained for the same regime of strong quenching of
the PL for the W-line and they are close to the free ex-
citon dissociation energy in silicon (14.7meV).40
The above PL results show clear differences in the elec-
tronic structure of both centers. First, for the W-line,
both the transitions of electrons from the ground state
to a high energy discrete level and to the conduction band
have to be considered, whereas for the X-line there is no
evidence for the first mechanism. Second, the radiative
recombination of excitons at the X-center is partially fed
by an external exciton traps.
The measured activation energies E2 are consistent
with the interpretation that the centers are deep donors,
where the hole is more strongly bound than the electron
(section V). According to this model, as illustrated in
Fig. 6, for each center Eg ≃ hν + E2 + E(0/+), where
E(0/+) is the position of the donor level relative to the
valence band.
IV. THEORETICAL METHOD
In order to establish a link between the experimental
observations and the defect structure, we investigated
the evolution of the electronic levels of the two inter-
stitial models, previously proposed for the W- and X-
centers in Si, in SiGe alloys using first-principles mod-
eling. These are respectively a trigonal form of I3 and
I4. The defects were modeled within the framework of
density-functional theory. Core states were dealt with
by using the pseudopotentials proposed by Hartwigsen,
Goedecker and Hutter (HGH).41 We adopted the local
density approximation (LDA) for the exchange and cor-
relation energy, together with an expansion of the Kohn-
Sham states in a basis set of localized Cartesian Gaus-
sian orbitals (CGOs), as implemented in the aimpro
code.42 For silicon, we used a contracted basis set with
polarization functions to account for higher order mo-
mentum components, with a total of 13 functions per
atom (44G*), as described in Ref. 47. The geometry,
relative energies and electronic levels of the I3 and I4 de-
fects in silicon calculated using this methodology are in
close agreement with those that we have obtained previ-
ously using an uncontracted basis set of 28 functions per
atom.34 For germanium, we used an uncontracted basis
set of (4, 4, 2) (s, p, d) CGOs, with a total of 28 functions
per atom.
Defects are placed in 216 atom cubic supercells, and
the Brillouin zone (BZ) was sampled with the MP-23 spe-
cial k-point sampling scheme of Monkhorst and Pack.43
The alloy was modeled by generating a series of ran-
dom Si216−nGen supercells. In accordance with the layers
studied in PL in this work, the theoretical study was re-
stricted to germanium concentrations below 2.5%, which
corresponds to values of n between 0 and 5. For each
n, we generated 20 SiGe supercells by placing the ger-
manium atoms in random positions of the silicon lattice.
The lattice parameter for the alloys was linearly interpo-
lated between the calculated values for bulk Si and bulk
Ge. In previous work it was shown that the calculated
lattice parameters reproduce well the structural proper-
ties of the alloys over all the concentration range44 and
that, for such small concentrations, Vegard’s law is still
a good approximation.45
V. MODELING RESULTS
A. Defect structure and stability
The structure and stability of I3 and I4 in silicon have
been described in a previous paper.34 While I4 is a very
7stable defect with only one known low formation energy
configuration, I3 is very mobile
35 and the Coomer’s form,
which has been linked with the W center, is at least 1.6 eV
higher in energy than the most stable configuration.34
Here, we compare the behavior of the tetra-interstitial
and Coomer’s tri-interstitial in SiGe alloys having in view
a discussion of the respective models for the W and X
lines.46
The presence of the interstitial aggregate originates a
compressive strain in the bonds of the surrounding lat-
tice. In silicon, the bonds at the core of the defects are
shortened, up to 15.5 and 10.4 % less than the bulk value
for I3 and I4, respectively. As Ge atoms have a larger ef-
fective radius than Si, the binding energy between these
interstitial clusters and Ge is negative or nearly zero, i.e.,
the lowest energy position for the Ge atom is at infinite
distance from the I3 and I4defects, and the interstitial
aggregates will prefer to form in Si-rich regions.
The shift of the radiative recombination energy hν in
SiGe alloys is due to the variation of the position of the
energy level of the excitonic state (|D0 + bx〉 in the dia-
gram of Fig. 6) with the Ge concentration. It is related
to long-range interaction between the Ge atoms at the
SiGe host matrix and the defect, for example through
the changes to the lattice parameter and band structure.
In order to quantify this effect, we have generated a
series of 20 Si216−nGen:D supercells, where D stands for
I3 or I4, with a total of 216+3 or 216+4 atoms, respec-
tively. In order to isolate the long-range contribution, Ge
atoms were not placed in the immediate neighborhood to
the defects. All the other lattice positions were assumed
to be equally probable. For each configuration, the po-
sitions of all the atoms were relaxed at a fixed volume,
using the average equilibrium volume V (x), where x is
the Ge content in the alloy.
The defect formation energies are given by
EDf (x) = Ex(D) − Ex(S)−mµSi, (2)
where Ex(D) is the average energy of the defective su-
percells with a Ge fraction x, Ex(S) is the average energy
of the bulk supercells for the same x, m is the number of
self-interstitials and µSi is the chemical potential for Si.
It is interesting that the formation energies, calculated
for a µSi taken from bulk Si, remain practically constant
with x (Fig. 7), even though the cohesive energy of silicon
is higher. Thus, it is not surprising that the temperature
range of stability of the defects varies little from Si to
SiGe.
B. Ionization levels
The ionization energy, given relative to an arbitrary
reference, can be obtained from the absolute difference
between the total energies of supercells containing the
defect D in the neutral and positive charge states,
φD(0/+) = |E(D0)− E(D+)|. (3)
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FIG. 7. Calculated formation energies of I4 and Coomer’s
I3 in Si1−xGex alloys. µSi was taken from bulk Si. Error-
bars represent the statistical standard deviation of Ef for the
configurations sampled.
The calculated ionization energies of the I3 and I4 defects
are shown in Fig. 8. The energy E(0/+) (Fig. 6) can be
calculated by comparing the ionization energies of the
defects, as a function of x, with the ionization energies
of bulk (B) Si216−nGen supercells:
E(0/+) = Ev + φ
D(0/+)− φB(0/+). (4)
This is equivalent to the marker method, using bulk as
marker.47 We have also shown for well-known defects that
the marker method can be applied across a concentra-
tion range, yielding the shift of the defect levels with the
germanium content.48 A similar method can be used to
compute elecron affinities. However, no acceptor level in
the gap is found for I3 nor I4.
Since, as exposed in Section I, the assignment of the
X-center to I4 has been more firmly established, let us
start by comparing the theoretical and experimental re-
sults for this defect. Using Eqs. 3 and 4, we obtain for
I4, E(0/+) = 0.29− (0.52±0.02)x. The I4 level does not
move upwards at the same rate as the valence band, thus
merging into its direction. Here, the uncertainty was esti-
mated from the standard deviations of the total energies
for the configurations sampled. Following the electron
release model schematized in Fig. 6, the donor level of
the X-center is at Ev + E(0/+) = Eg − hν − E2. Com-
paring the calculated E(0/+) for x = 0 with the value
obtained from the measured quantities, hν = 1.0398 eV
and E2 = 14 meV, or E(0/+) = Ev +0.10 eV, we notice
that E(0/+) is overestimated. The error (< 0.2 eV) is
typical from this type of calculations (see Ref.48). How-
ever, this systematic error is not expected to affect our
conclusions for SiGe alloys, since the interaction of the
defect with germanium atoms in the dilute alloy can be
viewed as a weak perturbation to the x = 0 system, and
therefore improved accuracy can be expected when cal-
culating the small shifts of the levels by comparison of
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FIG. 8. Calculated ionization energies of the I4 and Coomer’s
I3 in Si1−xGex alloys.
systems with different concentrations.
The variation of the photon energy can be estimated
as
d (hν)
dx
≃
dEg
dx
−
d
dx
E(0/+)−
d
dx
E2, (5)
where the bandgap energy is, for small x, given by
Eg = 1.155−0.43x eV .
49 The term most difficult to esti-
mate is d
dx
E2, since the values measured for both concen-
trations are similar within the error bar. The contribu-
tion of the first two terms is
dEg
dx
− d
dx
E(0/+) ≃ +0.09 eV.
The above shift gives 0.6 and 1.1meV for x = 0.0069 and
x = 0.0125, respectively. The first value matches the ex-
perimental shift of hν, while the second one is slightly
less than the measured value, possibly due to the contri-
bution − d
dx
E2. Hence, the theoretical and experimental
results are consistent and their comparison suggests that
d
dx
E2 is small.
For Coomer’s I3 model, we note that the behavior of
the level is qualitatively different, as its distance from
the valence band practically does not change [E(0/+) =
0.18 − (0.07 ± 0.02)x]. First, we note that according to
this model the level of I3 is closer to the valence band
than that of I4. This would imply a higher photon en-
ergy in the radiative transition than for the I4 center, in
contrast with the peak energies measured experimentally
(see section III) for the W and X-centers. Even thought
the two defects have some resemblance, this error is ac-
ceptable within the expected error.
Regarding the variation of the recombination energy
with x, we note that in this case the contribution
dEg
dx
−
d
dx
E(0/+) obtained from the I3 model is in this case neg-
ative and large (−0.36x eV). However, experimentally, a
shift of hν is not observed. The two results are not neces-
sarily incompatible, if we note that experimentally E2 in
this case is larger than the values for the X-line and shows
a clear decrease with x. Thus, the two terms may actually
cancel. In contrast, this result gives additional evidence
that the loss of excitons from the W center cannot take
place through the release of the exciton as a whole. Since
the variation of the free exciton binding energy is very
small in SiGe (about −0.01x eV40), that de-excitation
mechanism would yield d(hν)
dx
≃
dEg
dx
− d
dx
E(0/+), mak-
ing the I3 model incompatible with experiment. nao sei
se enetendi esta frase: se a desexcitacao do W for pela lib-
ertacao do excitao como um todo existe desacordo com a
experiencia no que respeita a dependencia da energia do
fotao com a fraccao de Ge, x? talvez se possa reescrever
para ficar mais claro.
VI. CONCLUSIONS
In this work we present a thorough study of the op-
tical properties and stability of the W and X-lines in Si
and SiGe alloys with low Ge content (x = 0.69, 1.25 at%)
through a complementary study of PL measurements and
density functional calculations. The defects were pro-
duced by proton irradiation and subsequent annealing.
An independence of the Ge content was found for the
maximization of the PL intensity of the W-line (300◦C)
whereas for the X-line the presence of Ge shifted that
temperature from 400◦C (Si) to 450◦C (SiGe alloys). We
have compared the PL energy and de-excitation mech-
anisms of the W- and X-centers in Si and SiGe alloys,
pointing out differences between the two centers. With
increasing Ge content, no shift of the peak position of the
W-line was observed while for the X-line a shift to higher
energies was registered. Further, the FWHM broadening
rates [d(FWHM)/dx] of both lines are quite different:
229± 48meV for the W-line and 543± 134meV for the
X-line. Finally, although the thermal de-excitation of
both centers can be described by the release of the weakly
bound electron to a donor state, the activation energies
and temperature dependence of the intensity of the two
lines is different. Two non radiative de-excitation chan-
nels were identified for the W-line, one involving a high
energy discrete level and the other involving the conduc-
tion band, whereas for the X-line there is experimental
evidence for just the presence of the last one.
Self-interstitial cluster models (I3 and I4 for the W- and
X-centers, respectively) were used to give additional in-
sight into the influence of the presence of Ge. Using den-
sity functional calculations, we find that the position of
the donor levels of I3 and I4 becomes closer to the valence
band edge as the Ge concentration increases, however at
very different rates: d
dx
E(0/+) = −0.07± 0.02 eV for I3,
but d
dx
E(0/+) = −0.52±0.02 eV for I4. These are found
to be consistent with experiment if the radiative transi-
tion corresponds to a recombination of a weakly bound
electron with a strongly donor-bound hole and the mea-
sured activation energy of the respective de-excitation
process. However, a de-excitation process where the ex-
citon is released as a whole is not compatible with the
relation between the measured energies and the calcu-
lated shift of the donor level of the I3 model.
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